Two-dimensional materials are an emerging class of new materials with a wide range of electrical properties and potential practical applications. Although graphene 1 is the most wellstudied two-dimensional material, single layers of other materials, such as insulating BN (ref. 2) and semiconducting MoS 2 (refs 3,4) or WSe 2 (refs 5,6), are gaining increasing attention as promising gate insulators and channel materials for fieldeffect transistors. Because monolayer MoS 2 is a direct-bandgap semiconductor 7, 8 due to quantum-mechanical confinement 7, 9, 10 , it could be suitable for applications in optoelectronic devices where the direct bandgap would allow a high absorption coefficient and efficient electron-hole pair generation under photoexcitation. Here, we demonstrate ultrasensitive monolayer MoS 2 phototransistors with improved device mobility and ON current. Our devices show a maximum external photoresponsivity of 880 A W 21 at a wavelength of 561 nm and a photoresponse in the 400-680 nm range. With recent developments in largescale production techniques such as liquid-scale exfoliation [11] [12] [13] and chemical vapour deposition-like growth 14, 15 , MoS 2 shows important potential for applications in MoS 2 -based integrated optoelectronic circuits, light sensing, biomedical imaging, video recording and spectroscopy.
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Molybdenum disulphide (MoS 2 ) is a typical semiconductor from the family of transition-metal dichalcogenide (TMD) materials with the common formula MX 2 , where M indicates a transition metal (M ¼ Mo, W, Nb, Ta, Ti, Re) and X represents Se, S or Te. Bulk crystals of TMD materials are formed by vertically stacking two-dimensional layers with thicknesses of 6.5 Å. Neighbouring layers are weakly bound by van der Waals interactions, facilitating cleavage of bulk crystals either using the micromechanical cleavage technique 1, 3 commonly used for the production of graphene, or liquid-phase exfoliation [11] [12] [13] . Large-area MoS 2 can also be grown using chemical vapour deposition (CVD)-like growth techniques 14, 15 . Within the layers, chalcogenide and metal atoms are strongly bound via covalent bonds, resulting in MoS 2 membranes 16 with mechanical strengths 30 times higher than that of steel 17 and stability up to 1,100 8C in an inert atmosphere. ) and device currents (1-100 nA) in these first monolayer devices could offset the inherent advantage of using a material with a direct bandgap.
Here, we demonstrate an ultrasensitive monolayer MoS 2 photodetector with a photoresponsivity reaching 880 A W 21 , which is a 100,000-fold improvement over previous reports for monolayer MoS 2 phototransistors 22 . This is a consequence of its improved mobility, as well as the contact quality and positioning technique. Because of the direct bandgap, our ultrasensitive MoS 2 photodetectors have a photoresponsivity that is 10 6 better than the first graphene photodetectors ( 0.5 mA W 21 ) 26 . The direct nature of the bandgap in monolayer MoS 2 in contrast to the indirect bandgap in bulk MoS 2 also results in an 9,000-fold higher photoresponsivity in monolayer MoS 2 compared to that in multilayer devices 25 . We began the fabrication of our devices by using the scotch-tape based micromechanical cleavage method to exfoliate monolayer MoS 2 (refs 3,27) . As a substrate, we used degenerately doped silicon onto which a 270-nm-thick layer of SiO 2 had been grown (Fig. 1a) . We tested various surface treatments and their effects on the photoresponse and the rise and fall times (see Supplementary  Fig. S2 for more information and a comparison between different substrate treatments). Unless otherwise noted, we used a 30 min soak in 30 vol% KOH to remove a ,5 nm thin surface layer of SiO 2 , followed by oxygen plasma cleaning to further clean and activate the surface. After exfoliation, we located monolayer MoS 2 flakes based on their optical contrast with respect to the underlying SiO 2 layer 28 . We have previously established the correlation between contrast and thickness as measured by atomic force microscopy 28 . Electron-beam lithography and metal evaporation were used for the fabrication of 90-nm-thick gold electrodes (Fig. 1b) . This was followed by a 2 h annealing step at 200 8C in an argon atmosphere 29 , after which the devices were wire-bonded and loaded in the measurement setup.
We probed the devices and their time-dependent photoresponse to laser excitation using a focused laser beam (l ¼ 561 nm) and an illumination power of 15 mW (Fig. 1c) . A microscope objective and a micromechanical stage were used to localize the device, and a nanopositioning stage was used for photocurrent map generation. The spot size had a diameter of 2.8 mm, resulting in an estimated maximum illumination intensity of 238 W cm 22 . Before any device characterization we generated a photocurrent map to establish optimal x, y and z locations for the focused laser beam spot. In addition to an optimized surface treatment and improved contacts, localization of the highest photocurrent response on the device results in the ultrasensitive response of our device. The device was electrically characterized by applying a constant drain-source voltage V ds and a backgate voltage V g in the configuration shown in Fig. 1d . From the backgate voltage sweep, we estimate an effective field-effect mobility m of 4 cm 2 V 21 s 21 , typical for monolayer MoS 2 devices 3, 4 .
We now explore the spatial extent of the photosensitive region in our device. Figure 2a shows the spatially resolved photocurrent map acquired by scanning the focused laser beam (l ¼ 561 nm) across the sample. The beam was modulated at 571 Hz using a mechanical chopper. The map clearly shows that photocurrent generation occurs in the area centred on the MoS 2 flake. All subsequent measurements were performed by locating the laser beam in the region with the highest photoresponse.
Electrical characterization was repeated under different illumination intensities in the 150 pW to 15 mW range with a green laser (l ¼ 561 nm; Fig. 2b ). The I ds -V ds curves shown in Fig. 2b are linear and symmetric for small bias voltages, indicating an ohmiclike contact, and show an increase of drain current by several orders of magnitude as the device is illuminated. As a consequence, the photocurrent I ph (I ph ¼ I illuminated 2 I dark ) also increases with bias voltage V ds due to the increase in carrier drift velocity and related reduction of the carrier transit time T t (defined as T t ¼ l 2 /mV ds , where l is the device length, m is the carrier mobility and V ds is the bias voltage).
We recorded the dependence of photocurrent generation on backgate voltage, reported in Fig. 2c for an incident illumination power (P inc ) of 0.15 mW. In the dark state, our device shows behaviour typical of MoS 2 -based field-effect transistors with an n-type channel and a threshold voltage of V t ¼ 22 V. When we illuminated the device biased at V ds ¼ 8 V using a focused laser beam, the OFF current increased into the 4 mA range, with the device current increasing for both the ON and OFF states for all values of gate voltage. This indicates that the photocurrent dominates over thermionic and tunnelling currents in the entire operating range of the device.
We then explored the spectral response of our device, expressed through its external photoresponsivity R, defined as the ratio of the photocurrent and the incident illumination power (that is, I ph /P inc ). The dependence of the photoresponsivity on illumination wavelength for a similar monolayer MoS 2 device is plotted in Fig. 2d . The photoresponsivity is negligible for wavelengths above 680 nm, corresponding to a photon energy 1.8 eV, which corresponds to the bandgap of monolayer MoS 2 (ref. 8) . Decreasing the excitation wavelength to ,680 nm results in the excitation of electrons from the valence to the conduction band and the generation of photocurrent. The transition probability increases for higher photon energies, which is reflected in the monotonous increase of the photocurrent down to a 400 nm excitation wavelength.
The observed behaviour of our photodetector can be explained by a simple energy band diagram (Fig. 2e) . With no illumination and without applying gate or drain bias, the device is in its equilibrium state, characterized by small Schottky barriers at the contacts 30 . Illuminating the device in its OFF state (V g , V t ), with light characterized by wavelengths ,680 nm, results in light absorption and excitation of electron-hole pairs, which can be extracted by applying a drain-source bias. The photocurrent increases linearly with applied bias V ds due to the reduction of the carrier transit time. In the ON state (V g . V t ), in addition to the photogenerated current, thermionic and tunnelling currents also contribute to the device currents. Increasing the gate voltage lowers the barriers at the contacts, resulting in a more efficient photocurrent extraction and increased photoresponse. Operating the device in the OFF state brings the advantage of a reduced dark current.
One of the most important figures of merit for a photodetector is its external photoresponsivity R. Figure 3 shows the photocurrent I ph and photoresponsivity R acquired at a bias voltage of V ds ¼ 8 V and a backgate voltage of V g ¼ 270 V. At low illumination intensities (150 pW), the device reaches a photoresponsivity of 880 A W 21 , 10 6 times higher than the first graphene photodetectors 26 and 100,000 times higher than previous reports for monolayer MoS 2 phototransistors 22 . To determine the sensitivity of our photodetector, we measured the noise in the dark current, giving a noiseequivalent power (NEP) of 1. type of semiconductor. In contrast to silicon photodiodes, our device consists of a simple n-type channel, which is easier to manufacture than a p-n junction and could therefore lead to reduced production costs. The high sensitivity arises from the low OFFstate current due to the 1.8 eV bandgap and also the high degree of electrostatic control over the atomically thick channel, as well as highly efficient carrier excitation, also due to the direct bandgap. In the case of our device, the equivalent dark current shot noise, 2eI dark , is 8 × 10 216 A Hz 21/2 for I dark ¼ 2 pA (the OFF-state current in our device), indicating that there is room for further improvement and that single-layer MoS 2 could have great potential for high-sensitivity applications. MoS 2 device as a function of illumination wavelength. The device shows a uniformly increasing response as the illumination wavelength is reduced from 680 nm to 400 nm and indicates that monolayer MoS 2 photodetectors can be used for a broad range of wavelengths. e, Band diagram of the monolayer MoS 2 photodetector taking into consideration small Schottky barriers at the contacts. E F is the Fermi level energy, E C the minimum conduction band energy, E V the maximum valence band energy and F B the Schottky barrier height. There is no electrical current flowing under equilibrium conditions and no illumination. Photocurrent is generated under illumination and is the dominant channel current in the OFF state, with thermionic and tunnelling currents being negligible. Thermionic and tunnelling currents contribute in the ON-state of the device.
As the light intensity is increased, the photocurrent demonstrates a sublinear dependence on it. This reduction in photoresponsivity can be explained in terms of trap states present either in MoS 2 or at the interface between the MoS 2 and the underlying SiO 2 layer 32 . This is exacerbated by the high surface-to-volume ratio of the MoS 2 . Under high illumination intensities the density of available states is reduced, resulting in saturation of the photoresponse. The presence of trap states can dramatically influence the dynamics of the MoS 2 photodetector, which can be studied using time-resolved measurements. In Fig. 4a we plot, for four different bias voltages, the rise in photocurrent upon turning on the laser light (l ¼ 561 nm) and its decay after removing the incident light. The response is characterized by a typical rise time of t rise ¼ 4 s and t decay ¼ 9 s for V ds ¼ 8 V and V g ¼ 270 V, where the rising and falling parts of the curve can be fitted using a single exponential function. The slow components of the photocurrent rise (t rise ) and decay (t decay ) times reported in this study are similar to the corresponding values observed in hybrid graphene-quantum dot phototransistors 33 . They are also orders of magnitude shorter than values reported for phototransistors based on amorphous oxide semiconductors 34 . The surroundings of the MoS 2 play an important role in photocurrent dynamics, with various surface treatments able to modify the decay time in the 0.3-4,000 s range, possibly due to differences in surface hydrophobicity 35, 36 ( Supplementary Fig. S2 ). We can also improve the response time by applying a short gate pulse (Fig. 4b) consisting of a brief increase in gate voltage from 270 V to 0 V. This causes a discharge of trapped charge carriers 33, 34 and results in a decrease in the photocurrent decay time for this device to less than 0.6 s, which is the temporal resolution of our measurement. Further studies and device optimization will be performed to improve the photocurrent dynamics of monolayer MoS 2 devices. Important enhancements could be realized using encapsulation and surface trap state passivation.
To summarize, we have fabricated phototransistors based on monolayer MoS 2 . Because of the direct bandgap of monolayer MoS 2 , devices based on it exhibit a very high photoresponsivity, reaching 880 A W 21 and surpassing previous reports for monolayer MoS 2 by a factor of 100,000 and for first graphene photodetectors by ) and shows a monotonous decrease with increasing illumination intensity due to the saturation of trap states present either in MoS 2 or at the MoS 2 /substrate interface. a factor of 10 6 . The photodetector has a broad spectral range, with photocurrent monotonously increasing as the wavelength of the incident light is decreased from 680 nm to 400 nm. Furthermore, the presence of a bandgap and the high degree of electrostatic control due to the atomic-scale thickness allows the phototransistor to be turned off, resulting in low dark currents and NEP lower than in commercial state-of-the-art silicon avalanche photodiodes 31 . This makes monolayer MoS 2 a promising semiconducting material for applications in optoelectronics. Rather than an intrinsic limitation slow photoresponse dynamics is the most important limiting factor, but this could be overcome by MoS 2 /substrate engineering to reduce charge trap density and is a technical challenge rather than an intrinsic limitation. Another important technological step would be to integrate MoS 2 phototransistors with conventional complementary metal-oxide-semiconductor (CMOS) imaging circuitry. Possible fields of applications could include consumer imaging sensors suitable for low-light photography, for example in cell-phone cameras, which currently suffer from poor low-light performance, or in sensors for fluorescence imaging. Combining our results with large-area material preparation methods such as liquid scale exfoliation 11, 12 or CVD growth 14, 15 , together with the simplicity of the device presented here, could also result in the fabrication of inexpensive, high-sensitivity and flexible MoS 2 optoelectronic devices.
Materials and methods
All measurements were performed under ambient conditions. Single layers of MoS 2 were exfoliated from commercially available crystals of molybdenite (SPI Supplies Brand Moly Disulfide) using the scotch-tape micromechanical cleavage technique pioneered for the production of graphene 
SUBSTRATE INFLUENCE ON THE DECAY TIME AND RESPONSIVITY
We studied the influence of different pre-deposition surface treatments and contact materials on the photoresponse decay. We find that different surface cleaning treatments can be used to reduce the decay time. This can be explained by differences in resulting level of hydrophobicity of the functionalized SiO 2 surface. 3 Using a different growth technique to deposit SiO 2 (wet vs. dry oxidation) results in further decrease of the characteristic decay time τ decay . We used the following SiO 2 surface treatments preceding micromechanical exfoliation:
KOH -SiO 2 substrates were soaked for 30 min in a 30% KOH solution in water at room temperature. This was followed by 20 min O 2 plasma treatment with an RF power of 270 W, followed by exfoliation. Figure S2 . Photoresponse dynamics. a, Photoresponse decay times recorded for devices exposed to a broad white light of Olympus KL 1500 LCD of 0.073 W/cm 2 with various surface treatments and contact materials, including a deposition of 30 nm HfO 2 layer on top of MoS 2 , grown by atomic layer deposition (ALD). b, Dependence of the photoresponse decay time on the drain-source bias V ds recorded for samples exposed to 561 nm laser with 2 µm spot size with different surface treatments and contact materials. We find no significant dependence of the photoresponse on the gate voltage V g . c, Dependence of the photoresponsivity on the illumination power recorded for samples with different surface treatments and contact materials exposed to 561 nm laser with a 2 µm spot size.
DETERMINATION OF THE NOISE EQUIVALENT POWER (NEP)
In order to calculate the noise equivalent power (NEP) of the single-layer MoS 2 phototransistor, we measure the dark current of the device with a source-drain voltage 
